ABSTRACT Two distinct forms of globin messenger RNA were isolated from mouse spleen cells infected with Friend erythroleukemia virus: polyribosomal messenger ribonucleoprotein particles (15S mRNP), and their corresponding protein-free mRNAs obtained by chemical deproteinization . The translation efficiencies of both messenger forms were assayed in a Krebs II ascites cell-free system . Selective removal of RNA-binding proteins from the ascites cell lysate did not affect globin synthesis when the mRNA was supplied as 15S mRNP ; deproteinized mRNA however was not translated . Only in the presence of two fractions of RNA-binding proteins was the protein-free mRNA translated . Some of the RNA-binding proteins have the same molecular weights and isoelectric points as the principal proteins of 15S mRNP .
Many investigations support the concept that eukaryotic messenger RNA is associated with various proteins as messenger ribonucleoprotein particles (mRNP) (1-8) . Two classes of mRNP can be isolated from the cytoplasm, one that consists of free mRNP not bound to ribosomes, and the other that is present in polyribosomes (1, 3, 6, 9, 10) . The physiological importance of stable protein-mRNA interactions and even the existence of mRNP have sometimes been questioned, because mRNP and deproteinized mRNA stimulate the cell-free translation system equally well (11) (12) (13) (14) (15) . Furthermore, earlier studies by Baltimore and co-workers (16, 17) indicated that the cytosol contains soluble proteins with affinity for RNA, raising the possibility that mRNPs are artifacts of cell fractionation (see discussion in Kumar and Pederson (18] ). On the other hand, mRNPs can be shown to remain intact under conditions of ionic strength where nonspecific RNA-protein complexes dissociate (14, (19) (20) (21) (22) (23) . Moreover, RNA-protein cross-linking experiments indicate that mRNA is complexed with proteins in situ (24) (25) (26) .
These conflicting observations can be reconciled by the hypothesis that RNA-protein associations do occur in vivo, but that the mRNP-proteins are also present as soluble RNAbinding proteins . This view is compatible with the metabolic behavior of mRNP, which indicates that the proteins shuttle on and off the mRNA (27) (28) (29) . In addition, recent data from this laboratory (30) (31) (32) , as well as from others (33, 34) , have shown that in fact some of the RNA-binding proteins have the same electrophoretic mobilities as the proteins isolated in association with mRNAs as native mRNP in the same cells .
Clearly, the possible role of mRNP proteins in translation cannot be investigated if one uses a translation system in which THE JOURNAL OF CELL BIOLOGY " VOLUME 93 JUNE 1982 893-898 c0 The Rockefeller University Press " 0021-9525/82/06/0893/06$1 . 00 an extensive supply of these proteins is present in soluble form . Therefore, we have devised a method for eliminating these proteins from an ascites cell lysate, by passing the lysate through a RNA affinity column (31, 32) . This treatment makes translation in the lysate dependent on protein factors that bind to the column, or on some other source of factors . Using this treated lysate, we have examined the translation efficiency of mouse globin 15S mRNP (globin messenger ribonucleoprotein from polyribosomes, having a modal sedimentation coefficient of 15S) and its respective protein-free mRNA . We find that the proteins of highly purified 15S mRNP can substitute in translation for cytoplasmic proteins that bind to the RNA column. This strongly suggests that the mRNP proteins, in the form of their soluble counterparts, have an essential role in translation .
MATERIALS AND METHODS

Preparation of the Cell-free Systems
Krebs II ascites cells were allowed to multiply for 7-9 d after intraperitoneal injections of 0.2 ml of ascitesfluid into BALB/c mice . Using aseptic methods the cells were removed with a syringe from freshly killed mice, transferred into precooled centrifuge tubes, and sedimented by low-speed centrifugation. All the following procedures were carried out at 0°-4°C . Ascites cells were washed twice with 145 mM NaCl ; 20 mM Tris-HCI pH 7.5, and thereafter resuspended into 1 vol of hypotonic buffer (10 mM KCI, 20 mM Tris-HCl pH 7.5, 3 mM Mg-acetate, 7 mM 2-mercaptoethanol, containing 20 1M hemin). The cells were allowed to swell for 10 min, and then disrupted in a Dounce homogenizer by 20 strokes of a tight-fitting pestle, until -9090 of the cells were broken. 2 M KCI was added to give a final concentration of 100 mM . Nuclei, unbroken cells, membranes, and mitochondria were removed by centrifugation [Sorvall SS34 rotor (DuPont Co ., Wilmington, DE); 30,000 g 20 min], and the postmitochondrial supernatant (PMS) was removed carefully, avoiding disturbance of the pellet and the thin lipid film at the surface. It was passed through a 1.5 x 30 cm Sephadex G-25 column equilibrated with buffer (100 mM KCI, 20 mM Tris-HCl pH 7.5, 3 mM Mg-acetate, 7 mM 2-mercaptoethanol) to remove low molecular weight compounds . The filtered PMS was either used directly in the in vitro assay, or was passed through a RNA-Sepharose column in order to separate it from RNAbinding proteins, resulting in a PMS(-) . Endogenous messenger was then eliminated by 30 min of preincubation with ATP, GTP, creatinine phosphate, creative phosphokinase, and all 20 essential amino acids. Aliquots of the various PMS fractions were stored at -80°C.
The cell-free protein assay mixture (1001x1) contained the following components: 0.5 Aaeo units of preivcubated PMS or PMS(-), 1 mM ATP, 40 ,¢M GTP, 6 mM creative phosphate, 2 IU of creative phosphokinase, 4 Pg spermidine, 30 uM of each of the 19 L-amino acids, 20 mM Tris-HCl pH 7.5, 70 mM KCI, 4 mM Mg-acetate, 1 mM Dithiothreitol, and ['H]leucine with specific activities as indicated in thefigure legends . Finally, 1 lag of mRNA, or 15S mRNP containing 1 ug of mRNA, and optimal quantities of RNA-binding protein fractions were added (see legends to the figures). The reaction mixtures were incubated at 30°C . Aliquots of 50 pl were spotted onto Whatman 3MM paper squares andtreated as described previously (32) .
Preparation of Globin Message from Friend Erythroleukemia Virus Infected Spleen Cells
Two inbred mice strains (BALB/c from Dr. Schifer, Max-Planck-Institut, Tiibingen, and an Agouti strain from Dr. Peters, University of Cologne) were sensitive to the Friend erythroleukemia virus complex (origin: Dr . Odaka, University of Nagoya, Japan) . 20 mice were inoculated with 0.5 ml of spleen extract from previously infected mice. After 3 wk the animals were killed to remove the hypertrophic spleens. The organs were rinsed twice in ice-cold isotonic saline, then homogenized. A PMS fraction was then prepared as described above forthe ascites lysate . This PMS fraction was layered over 2 ml of 30% sucrose in 100 mM KCI, 20 mM Tris-HCI pH 7.5, 3 mM Mg-acetate, 7 mM 2-mercaptoethanol, and wascentrifuged for 3 h (at 34,000 rpmin the Beckman SW 40 rotor [Beckman Instrument Co., Palo Alto, CAI). The polyribosomal pellets were resuspended and dissociated in 20 mM EDTA, 100 mM KCI, 20 mM Tris-HCl pH 7.5, 7 mM 2-mercaptoethanol in an ice bath for 10 min. The suspension was diluted with 100 mM KCI, 20 mM Tris-HCI pH 7.5, 7 mM 2-mercaptoethanol, to a final concentration of 5 mM EDTA ; then, it was layered over 1 .5 ml of 30% sucrose in the same buffer and centrifuged at 40,000 rpm in the Beckman SW 56 rotor for 3 h in orderto sediment and to remove the ribosomal subunits . The supernatant wasfinally analyzed by sedimentation through a 10-2590 sucrose gradient in 500 mM KCI, 20 mM Tris-HCl pH 7.5,'3 mM Mg-acetate, 7 mM 2-mercaptoethanol (SW40 rotor, 36,000 rpm, 18 h) . We then fractionated the gradient in 0.5-ml samples while continuously monitoring theabsorbance at 254 nm; 100 /Al aliquots were removed from each sample and hybridized with 'H-poly(U), as described (35) . Fractions containing 15S mRNP were collected and sedimented by centrifugation (Beckman 60Ti rotor, 48,000 rpm, 18 h) . The pellet was resuspended in 70 mM KCI, 20 mM Tris-HCI pH 7.5, 4 mM Mg-acetate, 7 mM 2-mercaptoethanol, andused for in vitro translation assays . Alternatively, mRNA was extracted from this fraction using a mixture of chloroform, phenol, and isoamyl alcohol 50 :49.5 :0 .5 (vol/vol) (36).
Isolation of RNA-binding Proteins
This method has been described in detail (30, 32) . Briefly, 3 g of cyanogen bromide (CNBr)-activated Sepharose was pretreated with 1 mM HCI. The swollen gel was thoroughly washed with 0.2 M N-morpholino-ethanesulfonic acid (MES) pH 6.0 . 30 mg of polyribosomal RNA was dissolved in the same buffer and allowed to react with the CNBr-activated Sepharose gel while being stirred gently at room temperature for 2 h. The binding of RNA was monitored by measuring the Ago of 20-ul aliquots. The gel mixture was then packed into a column (1 cm x 10 cm), and rinsed extensively with 0.2 M MES pH 6.0. A highsalt buffer (500 mM KCI, 20 mM Tris-HCI pH 7.5, 3 mM Mg-acetate, 7 mM 2-mercaptoethanol) was used to remove noncovalently bound RNA, followed by a wash with 100mM ethanolamine pH 8.0. Finally, the column was equilibrated (10 mM KCI, 20 mM Tris-HCI pH 7.5, 3 mM Mg-acetate, 7 mM mercaptoethanol) and polyribosomal supernatants containing RNA-binding proteins were loaded and passed through. Proteins with affinity for RNA were eluted stepwise, first using a buffer with 350 mM KCI, 20 mM Tris-HCI pH 7.5, 3 mM Mgacetate, 7 mM 2-mercaptoethanol, and then with 1,000 mM KCI, 20 mM Tris-HCI pH 7.5, 3 mM Mg-acetate, 7 mM 2-mercaptoethanol . the protein eluates were hence named BP350 and BP1000, and were dialyzed against 70 mM KCI, 20 mM Tris-HCl pH 7.5, 4 mM Mg-acetate, 7 mM 2-mercaptoethanol.
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THE JOURNAL OF CELL BIOLOGY " VOLUME 93, 1982 In Vitro Product Analysis 1 ml of assay mixture containing 5 A. of preincubated PMS(-), 10 lag of mRNA, and 101ag of BP350 and BP1000 was incubated for 1 h at 30°C. Other 1-ml reactions contained ps-mRNP, 101ag of RNA, 10,ug of BP350 and 10 times the concentrations of components described above forcell-free protein synthesis . To remove the polyribosomes, the mixture was centrifuged at 40,000 rpm in Beckman SW56 rotor for 2 h. The supernatant was collected, and the protein product were analyzed by PAGE (37) and fluorography (38) .
PAGE
The protein constituents were released from ps-mRNPs by incubation at 37°C with 10 Ag/ml of pancreatic RNase in 10 mM Tris-HCI, 100 mM KCI, 3 mM MgCl2, 7 mM 2-mercaptoethanol for 20 min. The mixture was then dialyzed against 21 mM 2-mercaptoethanol in Hz 0 and lyophilized . The RNA-binding protein fractions were subjected to the same procedure . Finally, the proteins were analyzed by two-dimensional PAGE according to O'Farrell (39) .
RESULTS
Isolation of Globin mRNA and mRNP from Pol yribosomes
Large amounts of globin mRNA and proteins are synthesized in the spleens of mice infected with Friend erythroleukemia virus complex (FLY cells) . The grossly enlarged spleens, filled with erythropoietic cells, are an excellent source for obtaining globin mRNP and its deproteinized mRNA . Polyribosomes of these cells were dissociated with buffered EDTA. From this suspension a well-defined fraction of 15S particles could be separated that contains mRNA with poly(A) sequences, as demonstrated by hybridization with radioactive poly(U) (Fig. 1 a) . The mRNA has a sedimentation rate of 9S and the same electrophoretic mobility as rabbit globin mRNA (Fig. 2) . Seven to ten proteins are associated with the mRNA in the 15S particle fraction. Fig . 1 b shows three major bands at 48, 50, and 76 kdaltons, and minor bands at 56, 60, and 71 kdaltons. Characterization of globin mRNP from EDTA-dissociated polyribosomes. (a) Material smaller than 30S was recentrifuged through a 10-25% sucrose gradient ; fractions were hybridized withAs we shall show subsequently, these 15S particles as well as the 9S RNA serve as messenger and stimulate the synthesis of globin in vitro . They are therefore referred to as 15S mRNP and globin mRNA, respectively.
Properties of a Cell-free Translation System from Krebs 11 Ascites Cells Devoid of RNA-binding Proteins
Evidence from earlier experiments indicated that soluble components in the postmitochondrial or postribosomal supernatants interact with the mRNA during cell-free translation (31, 32) . Therefore, we have investigated these factors in more detail, using the experimental system shown in Fig . 3 . The ascites PMS was cycled three times through a RNA-Sepharose column in order to remove all RNA-binding proteins. The resulting PMS(-) contains ribosomes with endogenous messengers and other translational factors . Very little translation was observed in this system (Fig . 4 a, curve 1) , whereas in the untreated PMS endogenous mRNA was translated for at least 30 min, as judged by the high rate of [3H]leucine incorporation (Fig. 4b) . Efficient translation was restored when RNA-binding proteins were added to the PMS(-) system: addition of a fraction eluted with buffered 350 mM KC1 (BP350, Fig . 4a , curve 2), or another fraction eluted with 1 M KCl (BP1000, FIGURE 2 Electrophoretic analysis of globin mRNA . Deproteinized RNA was analyzed in 4-15% polyacrylamide gel gradients with 90% formamide, pH 9 according to reference 51 . Electrophoresis was run at 120 V for 6 h . The gels were stained with ethidium bromide (24 ttg/ml) . Lane a, 20 jig of RNA extracted from polysomes of FLV-infected mouse spleen cells ; lane b, 2 ttg of commercial 9S rabbit globin mRNA (Sigma Chemical Co ., St . Louis, MO) ; lane (c), 2,ug of RNA extracted from fractions 12-18 in Fig . 1 a . curve 3), slightly stimulated translation, but optimal quantities of both fractions (curve 4) restored the translation efficiency to the control (untreated) PMS level (Fig. 4 b) . The A2eo/A2so ratio of the RNA-binding protein fractions was regularly determined and found to be 1 .64 . This indicates that the stimulation by BP350 and BP1000 is not due to traces of contaminating mRNAs. Also, preincubation in order to exhaust endogenous messenger activity renders the system insensitive to any stimulation by BP350 and BP1000 (results not shown) . For all experiments reported here RNA-binding proteins were prepared from infected murine spleen cells, although we found that ascites RNA-binding proteins substitute for them as well; no sign of messenger activity was detected in either fraction. After a 30-min preincubation of the ascites PMS or PMS(-) systems, exogenous globin messenger was added as 15S mRNP or as protein-free mRNA, and the expected translation product was determined . Specifically, the PMS(-) system enabled us to analyze the relationship between various messenger structures and RNA-binding proteins during translation, following the scheme in Fig . 3 . A representative experiment is shown in Fig . 5 . When equal amounts (on an RNA basis) of 15S mRNP or deproteinized globin mRNA were added to preincubated PMS, they were equally efficient (Fig. 5a) . In contrast, when a preincubated PMS(-) was employed for similar experiments, the results were different : the translation efficiency of globin mRNA was greatly reduced (Fig. 5 b, curve 1 ) and could not be increased by addition of any quantity of exogenous proteinfree mRNA alone . In this PMS(-) system, globin 15S mRNP, however, did program globin synthesis (Fig. 5 c, curve 1, and  Fig. 6a ). The stimulation was proportional to the quantity of mRNP equivalent added (results not shown) . The radioactive translation product was analyzed by gel electrophoresis . Autoradiographs indicated that the radioactivity incorporated into proteins comigrated with mouse globins (Fig . 6 a vs. c) . From these results we conclude that 15S mRNP stimulates the synthesis of globins, whereas deproteinized globin mRNAs do not, because autoradiographs of such samples were blank (not shown) . This and a series of similar experiments suggest that the deficiency of RNA-binding proteins in the PMS(-) can be compensated for by the protein moiety carried by the 15S mRNP . BP350 or BPI 000 alone yielded optimal stimulation (Fig. 5 b, curves 2 and 3 vs. 4) . As indicated above 15S mRNP behaved differently. It alone stimulated globin synthesis in the PMS(-) system readily in the absence of BP350 and/or BP1000 (Fig.  5 c, curve 1, and Fig. 6 a) . The efficiency of the mRNP could be increased 50% upon addition of BP350, but BP1000, or a mixture of both, was actually inhibitory (Fig. 5 c, curves 3 and  4) . These data suggest that most of the observed translational efficiency of 15S mRNP, relative to the low efficiency of globin mRNA, is accounted for by the activity of proteins already bound to mRNA in 15S mRNP. This can be somewhat further increased by adding more of the BP350 fraction of RNAbinding proteins.
The Protein Composition of 15S mRNP and of the BP350 and BP1000 Fractions
To compare the proteins of the BP350, BP1000 fractions, and the 15S mRNP, we fractionated them by two-dimensional egl electrophoresis (39) . As seen in Fig . 7 a, electrophoresis of 15S mRNP proteins revealed a pattern of two main proteins with nominal molecular masses of 76 kdaltons, and 50 kdaltons, and two of 48 kdaltons, with isoelectric points of 5 .8, 5 .7, 6,8, and 6 .6, respectively. Analysis of the BP350 fraction gave a pattern of >30 different proteins, but three proteins were readily identified as having the same physical properties as three components of the 15S mRNP ; i .e., the 76-kdalton, and the two 48-kdalton proteins (Fig. 7b) . The BP1000 fraction was composed of <20 components, among which is a 50-kdalton protein with properties identical to the 50-kdalton protein of 15S mRNP, which was missing in BP350 (Fig. 7 c) . The BP1000 pattern also shows the 76-kdalton protein .
DISCUSSION
In this report we demonstrate that after selective removal of RNA-binding proteins from the cell-free translation system, FIGURE 7 Possible identity of some proteins in 15S mRNP and RNA-binding proteins . Two-dimensional gel electrophoresis was performed using the technique described by O'Farrell (39), i .e., isoelectric focusing in the first dimension and 10% SDS gel electrophoresis in the second dimension . First dimension gels contained 8 M urea and 2% ampholines pH 3 . polyribosomal 15S mRNP, but not deproteinized globin mRNA, can be translated . This finding clearly shows that polyribosomal 15S mRNP contains translation factor activity. Our observation that the stimulation by 15S mRNP is recognized only in lysates depleted of RNA-binding proteins, but not in untreated lysates, provides a likely explanation for the failure of previous attempts (11) (12) (13) (14) (15) to demonstrate a role for mRNP proteins in translation . Obviously, if a cell-free translation system is saturated with all of the necessary factors in soluble form, it will not be affected by the factors already present in added mRNP .
The existence of proteins with translation factor activity in 15S mRNP and in the cytosol suggests that there is an exchange between these fractions. Such an exchange would be expected to occur if the proteins cyclically associate with and dissociate from mRNA in the course of translation . Indeed, an exchange between mRNP proteins and free proteins has been directly demonstrated by the metabolic studies of Auerbach and Pederson (27) and by Greenberg (28, 29) . The active principles with affinity for mRNA have so far been resolved into two fractions of different qualities. The stimulating activity of the less tightly bound BP350 fraction suggests that it includes initiation factors. In fact, as we and others have recently reported, RNA-binding proteins have initiation factor properties (32, 40, 41) . Some initiation factors, such as eIF-2, -3, and -4B have affinities for mRNA (42) (43) (44) (45) . They are more loosely bound and have been routinely isolated by washing ribosomes with 0 .5 M KCl (46) (47) (48) . It is also known that some of them are released after the ribosomal 80S initiation complex has formed (42) . In addition, other factors, functioning on the cap end, the poly(A) sequence or elsewhere are possibly involved and may be supplied by the cytosol, Therefore, 15S mRNP from 0.5 M KCl-and EDTA-treated polyribosomes may not contain all of the factors required for efficient translation in vitro . Moreover, it is possible that the mRNP fraction has all of the factors needed, but not in sufficient amounts, since addition of BP350 further stimulated translation . The inhibition of 15S mRNP translation caused by BP1000 may be due to a supraoptimal concentration of one or more of the factors present in BP1000.
A preliminary analysis of the proteins of 15S mRNP, of BP350, and of BP1000 suggests that these three fractions share several proteins with isoelectric points in the range between 7 .8 and 5 .3 . We are currently exploring how they interact with globin mRNA. UV-induced cross-linking experiments revealed that, in L-cells, proteins of the same size classes as marked in Fig . 7 are located in "zero distance" to mRNA (49, 50) . Clearly, more work is also needed to characterize each of these proteins and demonstrate their specific role in translation.
